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Abstract 25 
 26 
Despite global deforestation some regions, such as Europe, are currently experiencing rapid 27 
reforestation. Some of this is unintended woodland encroachment onto farmland as a result of 28 
reduced livestock pasture management. Our aim was to determine the likely impacts of this 29 
on exposure to ticks and tick-borne disease risk for sheep in Norway, a country experiencing 30 
ecosystem changes through rapid woodland encroachment as well as increases in abundance 31 
and distribution of Ixodes ricinus ticks and tick-borne disease incidence. We conducted 32 
surveys of I. ricinus ticks on ground vegetation using cloth lure transects and counts of ticks 33 
biting lambs on spring pastures, where lambs are exposed to infection with Anaplasma 34 
phagocytophilum, the causative agent of tick-borne fever in livestock. Pastures had higher 35 
densities of I. ricinus ticks on the ground vegetation and more ticks biting lambs if there was 36 
more tree cover in or adjacent to pastures. Importantly, there was a close correlation between 37 
questing tick density on pastures and counts of ticks biting lambs on the same pasture, 38 
indicating that cloth lure transects are a good proxy of risk to livestock of tick exposure and 39 
tick-borne disease. These findings can inform policy on environmental tick control measures 40 
such as habitat management, choice of livestock grazing area and off-host application of tick 41 
control agents.  42 
 43 
Keywords 44 
Woodland expansion, reforestation, bush encroachment, sheep, Anaplasma, tick-borne 45 
disease  46 
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1. Introduction 47 
 48 
Agriculture is the main driver of massive historical and current global deforestation, 49 
and this rate of conversion has been accelerating: the net loss of forests increased from 4.1 50 
million hectares per year between 1990 and 2000 to 6.4 million hectares between 2000 and 51 
2005 (FAO and JRC, 2012). However, in some regions of the world such as China and 52 
Europe, the opposite trend is occurring: Europe has experienced an increase in forested land 53 
cover of more than 600,000 km
2
 between 1993 and 2006 (IEEP, 2010). Some of this increase 54 
is encouraged through European Union subsidies that incentivise active reforestation in order 55 
to improve ecosystem services such as carbon sequestration, water quality and biodiversity. 56 
However, much of the expansion of woodland cover in Europe is also unintended. For 57 
example, 560,000 Ha (60%) of traditional agricultural Alpine meadows in Switzerland are 58 
threatened with natural reforestation or “woodland encroachment” due to a reduction in 59 
livestock grazing and hay harvesting (Baur, 2006). The same issue exists in Norway, where 60 
reduced agricultural pasture management is allowing the encroachment of woodlands onto 61 
agricultural land (Bryn et al., 2012). This is of increasing concern in terms of availability of 62 
grazing land for food production, social heritage and tourism (Vinge et al., 2015). Such 63 
woodland encroachment onto pastures may also have other consequences, such as the 64 
potential to increase the risk of tick-borne diseases to livestock and people, unless tick control 65 
measures are implemented (Halos et al., 2010, Gilbert, 2013 and Gilbert, in press).  66 
I. ricinus ticks are generalists, feeding on a wide range of terrestrial vertebrates. Each 67 
developmental stage feeds for a few days before dropping off the host to moult and develop 68 
or lay eggs in the ground; over 90% of the life cycle of I. ricinus is spent off the host 69 
(Needham and Teel, 1991). I. ricinus are the most important tick species in Europe in terms 70 
of vectoring tick-borne pathogens to humans (particularly Borrelia burgdorferi sensu lato, the 71 
4 
 
causative agents of Lyme borreliosis, and the tick-borne encephalitis virus) and livestock 72 
(particularly Anaplasma, Rikettsia and Babesia species). I. ricinus ticks are increasing in 73 
abundance and distribution in several areas of Europe (Lindgren et al., 2000; Danielová et al., 74 
2006; Materna et al., 2008), including Norway (Jore et al., 2011). Norway has also 75 
experienced an increase in reported incidence of tick-borne diseases such as TBE 76 
(Andreassen et al., 2013) and Lyme borreliosis (Hjetland et al., 2014) in humans and tick-77 
borne fever (caused by Anaplasma phagocytophilum) which is the most widespread tick-78 
borne infection in animals in Europe (Stuen, 2007). Sheep Ovis aries farming is extremely 79 
important to livelihoods and economies in rural areas in Norway (SSB, 2013) and one of the 80 
main challenges to sheep farmers in the grazing season is the economic loss from tick-borne 81 
fever (Stuen and Kjolleberg, 2000; Stuen et al., 2002, 2003; Grøva et al., 2011, 2013), since 82 
55-80% of lambs can be exposed to infection (Stuen, 2001; Grøva et al., 2011) and A. 83 
phagocytophilum-related mortality rates of over 30% have been observed (Stuen and 84 
Kjølleberg, 2000; Brodie et al., 1986). It is thus of increasing urgency to control exposure of 85 
livestock to ticks and tick-borne pathogens, and this requires an understanding or where and 86 
why tick exposure to livestock is greatest. 87 
Although exposure of livestock to ticks is often mitigated by acaricide (chemical 88 
pesticide) application to the host animal (George et al., 2004, 2008; Beugnet and Franc, 2012)  89 
there is now an increasing demand for alternative measures to reduce exposure of livestock to 90 
ticks such as habitat management, separation of livestock from tick-infested areas or the 91 
application of biological control agents to the pastures (Klingen and Duijvendijk, in press). In 92 
order to implement these alternative approaches we need to be able to identify which areas or 93 
habitats are likely to have the greatest tick abundance and, crucially, whether these areas or 94 
habitats are also associated with higher tick infestation on livestock. This latter point is 95 
essential to ascertain, because tick abundance in the environment does not necessarily 96 
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correlate with tick burdens on livestock if the livestock avoid those areas or habitats. If this is 97 
the case, applying tick control measures to such areas is unlikely to alleviate exposure of 98 
livestock to tick-borne pathogens. However, once we have established which areas are 99 
associated with greatest tick burdens on both livestock and in the environment, tick control 100 
measures can be implemented in those areas.  101 
Sheep in Norway commonly spend the winter at low altitudes in and around the 102 
shelter of the farm buildings. Lambing generally takes place indoors and when the lambs are 103 
1-3 weeks old they are released, together with their mothers, onto fenced spring pastures 104 
close to the farm for 2-4 weeks. They are then let out for the summer onto unfenced 105 
“rangeland” areas, which generally have a mix of forested and open habitats and are usually 106 
at higher altitudes than the farm. Even though the sheep spend only 2-4 weeks on lowland 107 
fenced spring pastures, infection rates of lambs with A. phagocytophilum (the causative agent 108 
of tick-borne fever) during this time is reported to be very high  109 
It is also the enclosed spring pastures where it will be most practical to implement tick 110 
control measures; once the sheep are free to roam on the higher altitude unfenced rangelands, 111 
controlling where they go or implementing tick control in the environment becomes much 112 
more difficult and costly (Klingen and Duijvendijk, in press). Therefore, this study focusses 113 
on fenced spring pastures, rather than high altitude unfenced range lands, in Norway.  114 
The overarching objective of this study is to test the effect of woodland encroachment 115 
on the risk of exposure of livestock to Ixodes ricinus tick bites, with clear implications for 116 
risk of tick-borne diseases and economic consequences for agriculture. We therefore aim to 117 
identify the environmental risk factors, with a focus on tree cover, in spring pastures 118 
associated with (i) abundance of questing (i.e. host-seeking) I. ricinus on ground vegetation 119 
and (ii) I. ricinus tick burdens biting lambs. Importantly, we also test the relationship between 120 
the abundance of questing I. ricinus on the ground and tick burdens on lambs; this will also 121 
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confirm whether surveys of questing ticks on ground vegetation can be used as a useful proxy 122 
of tick exposure to sheep for future studies.  123 
 124 
2. Materials and methods 125 
 126 
2.1 Study sites 127 
 128 
Surveys were conducted on fenced spring pastures in Møre and Romsdal county in 129 
mid-western Norway (62° 30′ N, 7° 10′ E), an area endemic with tick borne fever. A total of 130 
25 spring pastures for grazing animals (predominantly sheep but also horses or cattle, see 131 
Table 1) were surveyed in the second half of May and the first half of June in 2011 and/or 132 
2012; 14 pastures were surveyed in both years. All pastures were visited twice in each year 133 
surveyed, 1-3 weeks apart. All pastures were within an altitudinal range of 0-80 metres above 134 
sea level.   135 
 136 
2.2 Questing tick surveys and environmental parameters 137 
 138 
The pastures were surveyed for questing tick abundance using the cloth lure method 139 
(Vasallo et al., 2000). This consisted of pulling or “flagging” a 1m x 1m square of white 140 
flannel towel attached to a wooden broom handle, and inspecting the cloth for ticks every 2m 141 
along a 10m transect. Ticks were counted, removed from the material with fine-tipped 142 
forceps, and recorded by life stage (nymph, adult male, adult female). Our pilot studies and 143 
previous published work (Qviller et al., 2014; Venancio et al., 2016) have shown that I. 144 
ricinus was the only tick species found by flagging in Norwegian rangeland and pastures and 145 
detailed identification of ticks down to species level was therefore not conducted. Between 20 146 
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and 40 drags were performed at each fenced pasture per year (10-20 during each of two 147 
visits), and transects were at least 5m apart.  The cloth lure method cannot estimate tick 148 
population density but instead gives an index of relative abundance of questing ticks useful 149 
for comparison between areas (Ruiz-Fons and Gilbert, 2010).  150 
For each 10m x 1m flagging transect we recorded canopy cover using a concave 151 
densiometer (Construction Safety Products, LA, USA) to measure the percentage tree canopy 152 
cover (Mysterud and Østbye, 1999) to determine whether questing tick abundance is 153 
associated with canopy cover at a fine spatial scale. To determine the pattern of questing tick 154 
abundance with ground vegetation type, especially grazed pasture grass, at the spatial scale of 155 
each flagging transect, we also recorded dominant ground vegetation type. For analysis this 156 
was categorised as “grass” or “other”. Grass was primarily short grazed grasses, whereas 157 
“other” consisted of a wide range of rough vegetation such as tussocks, nettles, ferns (e.g. 158 
bracken), shrubs (particularly bearberry Arctostaphylos uva-ursi and Vaccinium species), and 159 
herbaceous species such as wood sorrel (Oxalis acetosella), anemone species and viola 160 
species. Flagging was conducted in a semi-random manner to include 6-10 replicates per 161 
vegetation type on each pasture per visit, in order to represent each ground vegetation type on 162 
each pasture. Ground vegetation height was measured using a sward stick because the cloth 163 
lure method may have lower efficiency in higher or denser vegetation, therefore this factor 164 
must be accounted for in statistical models of questing tick abundance (Ruiz-Fons and 165 
Gilbert, 2010). Three height measurements were taken at the start and end of each 10m x 1m 166 
flagging transect and the mean value was used in analysis. 167 
As a proxy for the relative index of abundance of hosts, dung counts of livestock and 168 
key wild hosts were conducted in a 1m diameter circular area at the start and end of each 169 
flagging transect. For analysis, a host abundance index was estimated as the presence (1) or 170 
absence (0) of dung in each dung count plot, averaged over the 10m x 1m flagging transect 171 
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(Ruiz-Fons and Gilbert, 2010). These were averaged for each vegetation type in each fenced 172 
pasture for statistical analysis.  173 
A further test of the impact of woodland encroachment on questing tick abundance in 174 
pastures was to use pasture-level, rather than transect-level, habitat. Each pasture was 175 
characterised based on the proportion of the pasture under tree cover, grass cover and “other” 176 
ground vegetation. This was first estimated on the ground during the first site visit, then 177 
checked for accuracy using aerial photographs, and further checked using land cover data 178 
(from the AR5 area resource data set, Nilsen and Bjørkelo, 2012) in a geographic information 179 
system (GIS) using ArcGIS version 10.1 (ESRI 2012). The GIS data also provided slope and 180 
aspect of each pasture. 181 
Using the land cover data in the GIS we also characterised the proportion of woodland 182 
cover in the area immediately surrounding each pasture; for this we used a buffer zone 100m 183 
wide encircling each pasture. The rationale for this was that wild tick hosts such as deer and 184 
foxes prefer to stay close to cover such as woodlands and so we might expect pastures 185 
bordering on woodland to be more frequented by these wild tick hosts. 186 
Tick questing activity is strongly affected by temperature (e.g., Gilbert et al., 2014), 187 
therefore to help reduce the impact of this potentially confounded factor, daily measurements 188 
of ambient air temperature (°C) were obtained from the nearest weather station (data obtained 189 
from eKlima.met.no/) to each pasture and entered as fixed effects; three weather stations 190 
were used and these were 8 – 15 km from the pastures. To further reduce the chance of 191 
weather conditions on a single day confounding the tick counts each site was visited 2-4 192 
times (twice per spring, with most sites surveyed in two years), and up to three pastures were 193 
surveyed on the same day, thus pastures often shared daily weather conditions. Flagging was 194 
not performed when the wind was strong (> Beaufort Force 5) nor during persistent rain. 195 
When the vegetation was wet the towel used for flagging was changed regularly to a dry one. 196 
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 197 
2.3 Tick burdens on lambs 198 
 199 
Tick counts were carried out on lambs (head, neck, legs, inguinal areas) grazing on 14 200 
of the 25 spring pastures surveyed for questing tick abundance in 2011 and 2012, of which 201 
two pastures had ticks counted on lambs in both years (Table 1). None of the sheep were 202 
treated with acaricides before being turned out onto the fenced spring pastures. The number 203 
of ticks biting lambs were conducted on the same day as were flagging surveys for questing 204 
ticks on their pastures, for both site visits (i.e. 2 counts were conducted on each lamb, 1 or 3 205 
weeks apart). The stage of development (adult female or nymphal tick) biting each lamb was 206 
recorded.  207 
In order to test which pasture and flock characteristics were associated with tick 208 
burdens on lambs, we used the GIS-based pasture characteristics (proportional cover of trees, 209 
grass and “other” ground vegetation; slope; and aspect) as well as the number of days the 210 
lambs spent on the pasture and the  density of lambs on each pasture (lambs per hectare).  211 
 212 
2.4 Statistical analysis 213 
Analyses of questing nymphs and adult ticks and nymphs and adult ticks biting lambs were 214 
conducted separately using generalised linear mixed models (GLMM) implementing the 215 
GLIMMIX procedure in SAS Version 9.4. These tick count data had an overdispersed (zero-216 
inflated) distribution, so a Poisson distribution was specified in the model with the residual of 217 
the model entered as a random effect, which adjusts the model to match the residual variance 218 
thereby allowing for the overdispersion (Bolker, 2015).  219 
 220 
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Analysis of questing tick data was conducted at the individual transect level with the number 221 
of nymphs or adults counted per 1m x 10m cloth lure transect as the response variable, and 222 
each site visit per year specified in the model. In contrast, for models of ticks biting lambs, 223 
the response variable was the mean tick burden on lambs on each pasture across the two visits 224 
per spring, as a t-test showed that there was no statistical significance between visits 225 
(t=0.107, df=10, p=0.917). 226 
 227 
All models initially contained the pasture-level environmental variables: slope (steepness of 228 
angle of each pasture), aspect (classified as either south (southwest to southeast) or “other”), 229 
the proportion of trees (or grass or “other” vegetation cover on each pasture, arcsin square-230 
root transformed and entered separately), the proportion of forest in the 100m buffer zone 231 
around each pasture (arcsin square-root transformed), pasture management (grazed by sheep 232 
in spring only or grazed by horses or cattle until autumn) and year (2012 or 2013).  233 
 234 
The models for questing nymphs and questing adult ticks initially contained the following 235 
additional variables collected at the time of conducting the cloth lure transects: vegetation 236 
height, vegetation type (dominant ground vegetation on the transect, classified as either grass 237 
or “other”), canopy cover over the transect (arcsin square-root transformed), host dung (mean 238 
of the two counts on each transect), temperature (mean recorded at the nearest weather station 239 
on the day of survey), visit number (either the first or second survey in each pasture for each 240 
year). Interaction terms with visit number were initially entered, because questing tick 241 
abundance could potentially change in some habitats or areas of the pasture over time as 242 
sheep remove ticks from the questing population. Site (pasture name) was entered as a 243 
random effect as multiple cloth lure transects were conducted per site. 244 
 245 
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For models of tick burdens on lambs, additional fixed effects initially entered were: lamb 246 
density and area of pasture (entered separately to avoid issues of covariation). Unlike the 247 
questing tick data, site (pasture name) was not entered as a random effect because the 248 
analysis was at the site level, so there were not multiple records per site. 249 
 250 
For all models a backwards stepwise procedure was conducted, whereby each variable was 251 
sequentially eliminated from the model if it had p>0.1. After this procedure, we conducted a 252 
forward stepwise procedure, whereby each previously eliminated variable was sequentially 253 
added back into the model. These were rejected if p>0.1 or remained in the final model if 254 
p<0.1. We used this threshold for model inclusion because a variable may still have some 255 
influence on the overall model even when it does not itself have a statistically significant 256 
(usually taken as p<0.05) effect on the response variable. 257 
 258 
2.4.1 Correlation between questing ticks and lamb tick burdens 259 
Further analyses were conducted to test for a correlation between lamb tick burdens 260 
and questing ticks on pastures. A Poisson distribution was specified with the residual entered 261 
as a random effect. This was done at the pasture level, using means of ticks per lamb as the 262 
response variable and mean ticks per 10m
2
 cloth lure transect and year as the fixed effects.  263 
 264 
3. Results 265 
 266 
3.1 Questing tick surveys 267 
 268 
3.1.1 Questing nymphs  269 
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The total number of nymphs counted over all flagging transects at all sites was 809 in 270 
2011 and 648 in 2012, with an average of 1.1 (± 0.35 SE, range 0-58) nymphs per 10m
2
. 271 
There were more questing nymphs if there was more canopy cover, less grass, lower ground 272 
vegetation, and fewer dung counted over the 10m x 1m transect. There were also more 273 
questing nymphs per transect if the whole pasture was characterised as having more tree 274 
cover or less grass cover. There were more questing nymphs with increasing temperature on 275 
the day of survey and on the first compared to the second survey visit to each pasture (Table 276 
2). Year, pasture management (i.e. whether grazed by sheep in spring only or by cattle or 277 
horses until autumn), slope, aspect and buffer zone habitat were eliminated from the model 278 
during the backwards and forwards step-wise procedures due to p>0.1. There were no 279 
significant interactions with visit number.  280 
 281 
3.1.2 Questing adults  282 
We found an equal sex ratio of questing adult I. ricinus counted by flagging: in 2011 283 
27 females and 26 males were counted, and in 2012 46 females and 45 males were counted, 284 
producing an average of 0.14 (± 0.06 SE, range 0-8) adult (female + male) ticks per 10m
2
. 285 
We used adults for analysis. There were more questing adults counted if the transect had 286 
more canopy cover, less grass and (weak non-significant trend) shorter ground vegetation. 287 
There was also an effect of pasture stock management, with more questing adult ticks 288 
counted on pastures where animals were kept throughout the summer (usually horses or 289 
cattle) rather than in spring only (always sheep), and more questing adults were counted in 290 
2011 than in 2012 (Table 2). Temperature, dung counts per transect, slope, aspect, habitat 291 
cover characterising the pasture and buffer zone habitat were eliminated from the model 292 
during the backwards and forwards step-wise procedures due to p>0.1. There were no 293 
significant interactions with visit number. 294 
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 295 
3.2 Tick burdens on lambs 296 
 297 
3.2.1 Nymphs biting lambs  298 
On average, 0.20 (± 0.05 SE, range 0-17) nymphs were found per lamb. Lambs had 299 
higher nymph burdens if their pasture’s buffer zone had a higher proportion of forest 300 
(F1,13=12.51, p=0.0037). While not statistically significant, pasture size remained in the 301 
model (a weak trend of higher nymph burdens on lambs from pastures of smaller size; 302 
F1,13=3.43, p=0.0861). Year, slope, aspect, lamb density, and proportion of trees, grass or 303 
“other” vegetation covering the pasture were eliminated from the models due to P>0.1. 304 
 305 
3.2.2 Adult female ticks biting lambs  306 
On average, 0.87 (± 0.10 SE, range 0-9) adult female ticks were found per lamb (adult 307 
males were not counted as they tend not to feed on hosts but instead find hosts to mate with 308 
females; they can therefore be difficult to determine in the field while checking lambs). The 309 
vegetation cover characterising each pasture had a significant association with adult tick 310 
burden (Fig. 1): lambs had higher adult tick burdens if their pasture had a higher proportion 311 
of tree cover (F1,13=21.64, p=0.0005) and (in a separate analysis) less grass cover 312 
(F1,13=16.02, p=0.0015). There was no effect of “other” vegetation cover on lamb tick 313 
burdens (F1,13=0.28, p=0.6058). Year, slope, aspect, lamb density, pasture area and buffer 314 
zone habitat were eliminated from the models due to P>0.1.  315 
 316 
3.3 Correlation between questing ticks and lamb tick burdens 317 
 318 
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There was a highly significant positive association between mean adult tick burdens 319 
per lamb and mean counts of both questing adult (female + male) ticks (F1,14=16.98, 320 
p=0.0010) and questing nymphs (F1,14=14.01, p=0.0022) from cloth lure transects on each 321 
pasture (Fig. 2). Mean nymph counts on lambs significantly correlated with the mean counts 322 
of questing nymphs (F1,14=11.70, p=0.0041; Fig. 2) but not with those of questing adult 323 
(females + males) ticks (F1,14=0.96, p=0.3445) from cloth lure transects on each pasture.  324 
 325 
4. Discussion 326 
 327 
The main aim of this study was to assess the potential impact of woodland 328 
encroachment into pastures on tick bite risk (with implications for tick-borne diseases) for 329 
sheep in Norway, by examining the associations between tree cover on spring pastures on 330 
both questing ticks and lamb tick burdens.  331 
We found that both questing nymph and questing adult tick abundances were 332 
positively associated with the proportion of tree canopy covering the 10m x 1m cloth lure 333 
transects and, conversely, negatively associated with the proportion of grass (rather than other 334 
ground vegetation types) on transects. Similarly, at the whole pasture level, we found that 335 
questing nymph abundance also varied positively with the proportion of a pasture with tree 336 
cover and negatively with the proportion of a pasture covered by grass. Thus we found a 337 
general positive association between tree cover and questing ticks counted on cloth lure 338 
transects. While this study was conducted in western Norway, there is evidence of similar 339 
associations of questing I. ricinus ticks with tree cover in other heterogeneous landscapes, 340 
including southern Norway (Vanwambeke et al., 2016), Scotland (Ruiz-Fons and Gilbert, 341 
2010; Gilbert, 2013, 2016; Gilbert et al., 2012) and France (Halos et al., 2010).  342 
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Thus, if ticks are to be controlled in the environment (rather than on hosts) application 343 
under tree cover may be most effective. However, if this is to be relevant to exposure of 344 
sheep to ticks, it is crucial to confirm that tick burdens on lambs are similarly associated with 345 
tree cover. Importantly, we did indeed find that  more adult female ticks were biting lambs if 346 
the pasture had a higher proportion of tree cover (and therefore less grass cover). Similarly, 347 
we found that counts of nymphs biting lambs also correlated with tree cover, being higher if 348 
the 100m wide buffer strip surrounding the pasture had a higher proportion of forest. 349 
Therefore, all other factors being equal, these results suggest that woodland encroachment 350 
into, and surrounding, agricultural land used for livestock grazing may increase both questing 351 
tick abundance on the ground and exposure to livestock of tick bites. The strength and exact 352 
pattern of the disease risk implications are limited because we did not have information on 353 
the prevalences of A. phagocytophilum or other tick-borne pathogens in the ticks or in the 354 
sheep in this study. However, the prevalence of A. phagocytophilum infection in lambs 355 
grazing on tick-infested pastures in this area of Norway is high (55-80%: Stuen, 2001; Grøva 356 
et al., 2011), suggesting that our findings have clear implications for exposure of sheep to 357 
tick-borne fever risk. This is likely to also apply to other tick-borne diseases, since questing 358 
tick abundance and/or tick burdens on hosts are frequently documented to correlate closely 359 
with disease incidence or pathogen prevalence in hosts (e.g. Laurenson et al., 1997, 2003 for 360 
louping ill virus; Hofmeester et al. 2016 for B. burgdorferi s.l.). Furthermore, previous 361 
research has demonstrated the implications of woodland encroachment for the risk of other 362 
tick-borne pathogens, and shown that tree/shrub cover affects pathogen prevalence in the 363 
same way as it does questing tick abundance. For example Halos et al. (2010) showed that in 364 
France both questing tick density and the infection prevalence of B. burgdorferi s.l. (the 365 
causative agent of Lyme borreliosis in humans) was higher in I. ricinus ticks found in 366 
woodlands than on pastures, and on pastures that had more shrub cover . Similarly, in 367 
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Scotland, Gilbert (2016) showed that questing tick density, B. burgdorferi s.l. prevalence and 368 
Lyme borreliosis hazard (the density of infected I. ricinus nymphs)) were all considerably 369 
higher in woodlands than in adjacent open habitats including pastures. Therefore, although 370 
we did not specifically measure pathogens here, our results are likely to be relevant to the risk 371 
of several tick-borne diseases in both livestock and humans. Our results are most applicable 372 
to regions that have heterogeneous landscapes consisting of mosaics of woodlands and 373 
pastures, with I. ricinus ticks and endemic tick-borne diseases.  374 
Another key output from our study was the close correlation between questing tick 375 
counts on cloth lures and tick burdens on lambs, further confirming  that any potential 376 
environmental tick control measures are relevant to sheep. In addition, it strongly suggests 377 
that the commonly used cloth lure tick survey method is a good proxy for biting tick burdens 378 
which are reported to correlate with tick-borne pathogen infection rates in hosts (e.g. 379 
Laurenson et al., 1997, 2003; Hofmeester et al. 2016). 380 
Additional factors, not directly related to reforestation, also correlated with questing I. 381 
ricinus abundance on pastures. More questing nymphs and adults were counted on transects 382 
that had lower ground vegetation. This is likely to reflect the adverse effect of higher ground 383 
vegetation on the effectiveness of flagging as a tick survey method, since I. ricinus do not 384 
always quest on top of the vegetation so do not always make contact with the cloth lure(Ruiz-385 
Fons & Gilbert, 2010).  386 
Higher temperatures on the day of survey had a positive effect on the number of 387 
questing nymphs counted. This should be expected, since low temperatures inhibit tick 388 
activity (e.g. MacLeod, 1935; Clark, 1995; Tagliapietra et al., 2011) and, for the temperature 389 
range experienced during this study (5-17°C), increasing temperatures strongly increase the 390 
proportion of I. ricinus ticks that are active (Gilbert et al., 2014; Tomkins et al., 2014). 391 
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More questing nymphs were counted on transects where fewer dung piles were 392 
recorded and more questing nymphs were counted on the first visit compared with the second 393 
visit each year. Dung counts relate to the usage of an area by the animals, while visit number 394 
is also related to the amount of time the animals have been using the pasture (livestock had 395 
been on the pastures for about two weeks longer for the second visit). Therefore, both these 396 
effects could result from livestock “mopping up” ticks from the ground, leaving fewer 397 
questing ticks to be counted on cloth-lure transects (see Randolph and Steele, 1985 for 398 
experimental evidence of this effect in temporary sheep paddocks).  399 
The opposite effect can occur in larger scale or longer term situations, i.e. higher host 400 
densities or hosts using an area for a long period of time are often associated with higher tick 401 
abundance in the long term because ticks rely on host blood meals to survive and reproduce. 402 
Many studies have found positive correlations between questing tick abundance and long-403 
term host abundance or host usage of space, particularly by deer (e.g. Rizzoli et al., 2002; 404 
Gilbert, 2010, 2013; Ruiz-Fons and Gilbert, 2010; Gilbert et al., 2012; James et al., 2013; 405 
Qviller et al., 2013; Estrada-Peña et al., 2015). Indeed, we found that questing adult tick 406 
abundance varied with pasture management, whereby more questing adults were counted in 407 
spring on pastures where animals were kept throughout the season until autumn, with fewer 408 
questing adults on pastures where sheep were kept for only 1-4 weeks in spring. Ticks on 409 
pastures with hosts available all season have much more opportunity to find a host and feed 410 
than those on pastures where hosts are available for only 1-4 weeks, so we should expect 411 
generally higher tick populations on the “all-season” pastures. This would be reflected by 412 
higher counts of questing ticks in spring (as we did indeed find), although we might predict 413 
that surveys in autumn might not necessarily find more questing ticks on all-season pastures 414 
because many of the ticks would have found hosts and no longer be questing, as explained 415 
above (see also Randolph and Steele, 1985).  416 
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We found strong effects of woodland encroachment on questing tick abundance and 417 
tick burdens on lambs on spring pastures. This has implications for tick-borne disease risk, 418 
since 55-80% of lambs in tick infested areas become infected with A. phagocytophilum 419 
(Stuen, 2001; Grøva et al., 2011). However, our study did not include the higher altitude 420 
“range lands” which are often wooded and used for sheep grazing throughout the summer, so 421 
future research needs to determine the environmental risk factors associated with the 422 
abundance of questing ticks, tick burdens on sheep and pathogen prevalences in these 423 
summer range lands. This would enable policy on tick-borne disease risk mitigation to be 424 
informed for both types of grazing lands.  425 
 426 
5. Conclusions 427 
 428 
We found that woodland encroachment into and surrounding lowland livestock 429 
pastures in Norway is associated with higher questing tick abundance in the ground 430 
vegetation and also, crucially, higher tick counts on lambs. While we did not measure tick-431 
borne pathogens in the sheep or the ticks, there are clear implications for tick-borne disease 432 
risk given the high seroprevalence of A. phagocytophilum in sheep in many coastal regions of 433 
Norway, the general correlation between tick burdens and tick-borne pathogen prevalence in 434 
hosts, and the association of tree cover in and around pastures with increased risk of other 435 
tick-borne diseases (e.g. Lyme borreliosis). In similar areas with heterogeneous patchworks 436 
of pasture and woodland an endemic ticks and tick-borne disease, we suggest that pasture 437 
management that maintains larger areas of grass rather than shrubs or trees and preventing 438 
woodland encroachment adjacent to pastures could be potential management tools to help 439 
mitigate tick-borne disease risk in pastures. This research can also help inform policy on 440 
where best to target any potential biological control of ticks in the environment, i.e. our 441 
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findings suggest that applying agents (such as entomopathogenic fungi) under or near tree 442 
cover would be most cost effective. 443 
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Table 1. Site level characteristics for all 25 spring pastures that were surveyed for questing 693 
Ixodes ricinus. “Grazing management” refers to livestock being kept on the pasture for either 694 
1-4 weeks in the spring only (“spring”) or throughout spring and summer before being moved 695 
indoors in the autumn (“to autumn”).  696 
Site Questing 
tick 
surveys 
Livestock 
type 
Grazing 
management 
% trees/ 
grass/ 
other 
% 
woodland 
in buffer 
Slope 
(°) 
Aspect Lamb 
tick 
counts 
F1 2011, 
2012 
sheep spring 53/43/4 19 4 NE 2011 
F2 2011, 
2012 
sheep spring 41/42/17 25 5 NW 2011 
F3 2012 sheep spring 10/82/8 57 12 NW 2012 
I1 2011, 
2012 
sheep spring 17/68/15 22 6 S 2011, 
2012 
I2 2012 sheep spring 7/86/7 20 14 S 2012 
I3 2011 sheep spring 43/11/46 13 10 S 2011 
I4 2011 sheep spring 3/86/11 28 9 S 2011 
MD1 2012 sheep spring 33/51/16 22 9 SE 2012 
MD2 2012 sheep spring 50/30/20 60 19 S 2012 
MD3 2012 sheep spring 66/25/9 56 17 S 2012 
MD4 2012 sheep spring 31/14/55 64 9 S 2012 
MF1 2012 sheep spring 4/54/42 46 7 NE 2012 
MF2 2012 sheep spring 37/42/21 63 5 N None 
T1 2011, cattle to autumn 6/77/16 48 12 S None 
31 
 
2012 
T2 2011, 
2012 
cattle to autumn 62/35/3 66 15 S None 
T3 2011, 
2012 
sheep spring 55/35/10 63 12 NW None 
T4 2011, 
2012 
sheep spring 28/53/19 15 9 W None 
TV 2011, 
2012 
sheep spring 3/69/28 8 11 SE 2011, 
2012 
TS 2012 sheep spring 49/40/11 85 12 S 2012 
V1 2011, 
2012 
cattle to autumn 67/11/22 8 4 SE None 
V2 2011, 
2012 
cattle to autumn 56/30/14 43 10 SE None 
V3 2011, 
2012 
cattle to autumn 73/4/23 64 10 SE None 
V4 2011, 
2012 
horses to autumn 57/14/29 0 2 E None 
V5 2011, 
2012 
horses to autumn 48/42/10 18 4 SE None 
V6 2011, 
2012 
sheep to autumn 56/35/9 3 1 SE None 
 697 
  698 
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Table 2 Outputs from generalised linear mixed model of factors associated with the 699 
abundance of Ixodes ricinus (nymphs and adults) questing on ground vegetation in spring 700 
pastures in Norway.  701 
 Estimate SE df F or t P 
Questing nymphs      
Intercept -2.16 1.14 31 1.89 0.0688 
Visit 1 +0.54 0.12 1, 1095 19.17 <0.0001 
Veg. height -0.03 0.01 1, 1093 28.16 <0.0001 
Dung -4.13 1.27 1, 26 10.59 0.0031 
Canopy cover +0.85 0.12 1, 1100 46.60 <0.0001 
Veg. type (grass) -1.23 0.16 1, 1091 59.08 <0.0001 
Temperature +0.17 0.02 1, 1102 59.09 <0.0001 
% trees +3.64 1.18 1, 24 9.44 0.0053 
Questing adults (males + females) 
Intercept -2.92 0.47 40 6.17 <0.0001 
Year (2011) +0.83 0.19 1, 1107 19.42 <0.0001 
Management +2.31 0.65 1, 18 12.49 0.0024 
Veg. height -0.01 0.01 1, 1100 2.96 0.0857 
Canopy cover -0.96 0.19 1, 1106 24.36 <0.0001 
Veg. type (grass) -1.27 0.24 1, 1102 27.25 <0.0001 
Veg. height refers to ground vegetation height (cm); dung refers to the mean of the two 1m x 1m dung counts 702 
conducted per 1m x 10m cloth lure transect; canopy cover refers to the proportion of canopy overhanging a 703 
point on the cloth lure transect (arcsin square root transformed); Veg. type (grass) refers to the dominant 704 
vegetation type along each 1m x 10m cloth lure transect; temperature is the mean temperature recorded on the 705 
day of survey at the nearest weather station; management refers to the type of animal management of the 706 
pasture, either sheep for 2-4 weeks in spring or other animals (cattle or horses) year-round (except winter); % 707 
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trees refers to the proportion of each pasture that is covered by trees (arcsin square root transformed).  Values 708 
for Visit 1 are in comparison with the baseline of Visit 2; for Veg. type (grass) the baseline is Veg. type (other), 709 
i.e. all other ground vegetation types not classified as grass; for Year (2011) the baseline is 2012; for 710 
Management the baseline is sheep. The intercept has a t-value; all factors have an F-value. 711 
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Figures 713 
 714 
 715 
 716 
Fig. 1 Relationships between biting adult female Ixodes ricinus ticks counted per lamb and 717 
the proportion of the pasture covered in (a) trees and (b) grass. Unadjusted raw data are 718 
shown.  719 
 720 
721 
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722 
 723 
 724 
Fig. 2 Relationships between biting Ixodes ricinus ticks counted per lamb and questing ticks 725 
counted from cloth lure transects for (a) adult females biting lambs and questing adults 726 
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(females + males), (b) adult females biting lambs and questing nymphs and (c) nymphs biting 727 
lambs and questing nymphs. Unadjusted raw means per pasture are shown. 728 
 729 
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Figure captions 731 
 732 
Fig. 1 Relationships between biting adult female Ixodes ricinus ticks counted per lamb and 733 
the proportion of the pasture covered in (a) trees and (b) grass. Unadjusted raw data are 734 
shown. 735 
 736 
Fig. 2 Relationships between biting Ixodes ricinus ticks counted per lamb and questing ticks 737 
counted from cloth lure transects for (a) adult females biting lambs and questing adults 738 
(females + males), (b) adult females biting lambs and questing nymphs and (c) nymphs biting 739 
lambs and questing nymphs. Unadjusted raw means per pasture are shown. 740 
 741 
